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ABSTRACT 

Aims. The scientific community needs to be prepared to analyse the data from Gaia, one of the most ambitious ESA space missions, 
which is to be launched in 2012. The purpose of this paper is to provide data and tools to predict how Gaia photometry is expected to 
be. To do so, we provide relationships among colours involving Gaia magnitudes (white light G, blue Gbp, red Grp and Grvs bands) 
and colours from other commonly used photometric systems (Johnson-Cousins, Sloan Digital Sky Survey, Hipparcos and Tycho). 
Methods. The most up-to-date information from industrial partners has been used to define the nominal passbands, and based on the 
BaSeL3.1 stellar spectral energy distribution library, relationships were obtained for stars with different reddening values, ranges of 
temperatures, surface gravities and metallicities. 

Results. The transformations involving Gaia and Johnson-Cousins V — Ic and Sloan DSS g — z colours have the lowest residuals. 
A polynomial expression for the relation between the effective temperature and the colour Gbp-Grp was derived for stars with 
r e (r > 4500 K. For stars with T s g < 4500 K, dispersions exist in gravity and metallicity for each absorption value in g - r and r - i. 
Transformations involving two Johnson or two Sloan DSS colours yield lower residuals than using only one colour. We also computed 
several ratios of total-to-selective absorption including absorption Ac in the G band and colour excess E (Gbp-Grp) for our sample 
stars. A relationship involving A G /A V and the intrinsic (V - l c ) colour is provided. The derived Gaia passbands have been used to 
compute tracks and isochrones using the Padova and BASTI models, and the passbands have been included in both web sites. Finally, 
the performances of the predicted Gaia magnitudes have been estimated according to the magnitude and the celestial coordinates of 
the star. 

Conclusions. The provided dependencies among colours can be used for planning scientific exploitation of Gaia data, performing 
simulations of the Gaia-liks sky, planning ground-based complementary observations and for building catalogues with auxiliary data 
for the Gaia data processing and validation. 

Key words. Instrumentation: photometers; Techniques: photometric; Galaxy: general; (ISM:) dust, extinction; Stars: evolution 



1. Introduction 

Gaia is an ESA mission that will chart a three-dimensional map 
of our Galaxy, the Milky Way. The main goal is to provide data 
to study the formation, dynam ical, chemical, and star -for mation 
evolut ion of the Milky Way. iPerrvman et all (l2001l) and lESAl 
d2000l) presented the mission as it was approved in 2000. While 
the instrumental design has undergone some changes during the 
study and design-development phases, the science case remains 
fully valid. Gaia is scheduled for a launch in 2012 and over its 5- 
year mission will measure positions, parallaxes, and proper mo- 
tions for every object in the sky brighter than about magnitude 
20, i.e. about 1 billion objects in our Galaxy and throughout the 
Local Group, which means about 1% of the Milky Way stellar 
content. 
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Besides the positional and kinematical information (position, 
parallax, proper motion, and radial velocity), Gaia will provide 
the spectral energy distribution of every object sampled by a 
dedicated spectrophotometric instrument that will provide low- 
resolution spectra in the blue and red. In this way, the observed 
objects will be classified, parametrized (for instance, determi- 
nation of effective temperature, surface gravity, metallicity, and 
interstellar reddening, for stars) and monitored for variability. 
Radial velocities will also be acquired for more than 100 mil- 
lion stars brighter than 17 magnitude through Doppler-shift mea- 
surements from high-resolution spectra by the Radial Velocity 
Spectrometer (RVSfl with a precision ranging from 1 to 15 km 
s" 1 depending on the magnitude and the spectral type of the stars 
dKatz et al.ll2004t IWilkinson et al.ll2005h . These high-resolution 
spectra will also provide astrophysical information, such as in- 
terstellar reddening, atmospheric parameters, elemental abun- 

1 The resolution for bright stars up to V ~ 11 is R ~ 1 1500 and for 
faint stars up to V ~ 17 is R~ 5000. 
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Fig. 1. Gaia focal plane. The viewing directions of both telescopes are superimposed on this common focal plane which features 7 
CCD rows, 17 CCD strips, and 106 large-format CCDs, each with 4500 TDI lines, 1966 pixel columns, and pixels of size 10 /mi 
along scan by 30 /zm across scan (59 mas x 177 mas). Star images cross the focal plane in the direction indicated by the arrow. 
Picture courtesy of ESA - A. Short. 



dances for different chemical species, and rotational velocities 
for stars brighter than V -13 mag. 

With such a deep and full-sky coverage and end-of-mission 
parallax precisions of about 9-11 //as at V — 10, 10-27 //as at 
V = 15 and up to 100-350//as at V = 20, Gaia will revolutionise 
the view of our Galaxy and its stellar content. And not only this, 
because Gaia will also observe about 300 000 solar system ob- 
jects, some 500000 QSOs, several million external galaxies, and 
thousands of exoplanets. 

From measurements of unfiltered (white) light from about 
350 to 1000 nm Gaia will yield G-magnitudes that will be mon- 
itored through the mission for variability. The integrated flux of 
the low-resolution BP (blue photometer) and RP (red photome- 
ter) spectra will yield Gbp- and GRp-magnitudes as two broad 
passbands in the ranges 330-680 nm and 640-1000 nm, respec- 
tively. In addition, the radial velocity instrument will disperse 
light in the range 847-874 nm (region of the Call triplet) and the 
integrated flux of the resulting spectrum can be seen as measured 
with a photometric narrow band yielding Grvs magnitudes. 

The goal of the BP/RP photometric instrument is to mea- 
sure the spectral energy distribution of all observed objects to 
allow on-ground corrections of image centroids measured in the 
main astrometric field for systematic chromatic shifts caused by 
aberrations. In addition, these photometric observations will al- 
low the classification of the sources by deriving the astrophysical 
characteristics, such as effective temperature, gravity, and chem- 
ical composition for all stars. Once the astrophysical parameters 
are determined, age and mass will enable the chemical and dy- 
namical evolution of the Galaxy over a wide range of distances 
to be described. 

There is a huge expectation of the broader scientific commu- 
nity in general, from solar system to extragalactic fields through 
stellar astrophysics and galactic astronomy, for the highly pre- 
cise, large and deep survey of Gaia. There is an ongoing effort by 
the scientific community to prepare proper modellings and simu- 
lations to help in the scientific analysis and interpretation of Gaia 
data. To cover some of the needs of this scientific exploitation 
preparation, this paper aims to provide characterization of the 
Gaia passbands (G, Gbp, Grp and Grvs), Gaia colours for a stel- 
lar library of spectral energy distributions, and isochrones in this 
Gaia system. Finally, colour-colour transformations with the 
most commonly used photometric systems (Johnson-Cousins, 




fold mirrors 

Fig. 2. On their way to the BP/RP and RVS sections of the focal 
plane, light from the two Gaia telescopes is dispersed in wave- 
length. Picture courtesy of EADS-Astrium. 



Hipparcos, Tycho and Sloan) are also included. Altogether, this 
will allow users to predict how the Gaia sky will look, how a spe- 
cific object will be observed and with which precision. Although 
this paper is mainly dedicated to broadband photometry, we have 
included the Grvs passband in order to predict which stars will 
have Gaia radial velocity measurements. 

Sections [2] and [3] are dedicated to the description of the 
photometric instrument and the photometric bands used for the 
transformation. Section|4]describes the library used to derive the 
magnitudes and colour-colour transformations shown in Sect. [5] 
Sections [6] and [7] describe the computations of the bolometric 
corrections and the extinction factors in the Gaia passbands. 
Colours derived from isochrones with different metallicities are 
given in Sect. [8] The computation of the magnitude errors and 
the expected performances are discussed in Sect. [9] Finally, the 
conclusions are presented in Sect. \W\ 
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2. G, Ggp, Grp, and Grvs passbands 



In iJordi et aT] d2006l) . the Gaia photometric instrument was in- 
troduced. With the selection of EADS-Astrium as prime contrac- 
tor, the photometric and spectroscopic instruments and the focal 
plane designs were changed. A major change was the integra- 
tion of astrometry, photometry, and spectroscopy in th e two main 
telesco pes and only one focal plane as explained in iLindegrenl 
d2010l) and shown in Fig. [Q 

The Gaia photometry is obtained for every source by means 
of two low-resolution dispersion optics located in the common 
path of the two telescopes (see Fig. |2j: one for the blue wave- 
lengths (BP) and one for the red wavelengths (RP). These two 
low -resolution prisms substitut e the previous set o f medium and 
narrow passbands described in IJordi et al.l d2006h . The spectral 
dispersion of the BP and RP spectra has been chosen to allow the 
synthetic production of measurements as if they were made with 
the old passbands. The spectral resolution is a function of wave- 
length and varies in BP from 4 to 32 nm pixel 1 covering the 
wavelength range 330-680 nm. In RP, the wavelength range is 
640-1000 nm with a resolution of 7 to 15 nm pixel 1 . We display 
in Fig. a sample of 14 BP/RP spectra for stars with effective 
temperatures ranging from 2950 to 50000 K. These noiseless 
spectra were computed with the Gaia Object Generatofl 

The G passband described in lJordi et al.l d2006l) from the un- 
filtered light in the Astrometric Field (AF) measurements has 
not undergone any conceptual change. Since 2006, nearly all 
CCD devices have been built and some mirrors have already 
been coated, thus the measurements of the transmission curves 
provide updated values for the G passband. 

Sixty-two charge-coupled devices (CCDs) are used in AF, 
while BP and RP spectra are recorded in strips of 7 CCDs each. 
Twelve CCDs are used in the RVS instrument. Every CCD will 
have its own QE curve and there will be pixel-to-pixel sensitivity 
variations. In addition, the reflectivity of the mirrors and prisms 
will change through their surfaces. Gaia will observe each ob- 
ject several times in each of the two fields of view at different 
positions in the focal plane (in different CCD), and each obser- 
vation will have its own characteristics (dispersion, PSF, geome- 
try, overall transmission, etc). The comparison of several obser- 
vations of a large set of reference sources will allow an internal 
calibration that will smooth out the differences and will refer all 
the observations onto a mean instrument. This internal calibra- 
tion will yield epoch and combined spectra and integrated pho- 
tometry for all sources with the mean instrument configuration. 
The transmission of the optics and the QEs used in this paper 
have to be understood as corresponding to this averaged Gaia 
instrument. 

The passbands are derived by the convolution of the response 
curves of the optics and the QE curves of the CCDs and are 
shown in Fig. [3] The mirrors are coated with Ag and are the 
same for all instruments, while the coatings of the prisms act 
as low-pass and high-pass bands for BP/RP. Three different QE 
curves are in place: one 'yellow' CCD for the astrometric field, 
an enhanced 'blue' sensitive CCD for the BP spectrometer and 
a 'red' sensitive CCD for the RP and RVS spectrometers. We 
have used the most up-to-date information from Gaia partners 
to compute the passbands. Some of the data, however, are still 
(sometimes ad-hoc) model predictions and not yet real measure- 
ments of flight hardware. 
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Fig. 3. Gaia G (solid line), Gbp (dotted line), Grp (dashed line) 
and Grvs (dot-dashed line) normalised passbands. 
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Fig. 4. BP/RP low-resolution spectra for a sample of 14 
stars with solar metallicity and G=15 mag. The flux is in 
photon-s -pixel . 



The zero magnitudes have bee n fixed through th e precise 
energy-flux measurement of Vega. iMegessierl d 19951) gives a 
monochromatic measured flux of 3.46 ■ 10" 11 W m~ 2 nm -1 at 
555.6 nm, equivalent to 3.56 ■ 10~ u W mT 2 nm 1 at 550 nm, be- 
ing V = 0.03 the apparent visual magnitude of Vegfl Thus, for 
a star with msso nm = 0.0 we will measure a flux of 3.66 • 10" 11 W 
irT 2 nm -1 . V ega's spectral energy distribution has been modelled 
according to iBessell et al.l dl998l) . who parameterizes it using 
Kurucz ATLAS9 models with T eS = 9550 K, logg = 3.95 dex, 
[Fe/H] = -0.5 dex and £ = 2 km s" 1 . 

The integrated synthetic flux for a Vega-like star has been 
computed for the G, Gbp, Grp, and Grvs passbands. A magni- 
tude equal to 0.03 has been assumed for each synthetic flux. In 
that way, G = Gbp = Grp = Grvs = V = 0.03 mag for a Vega-like 



2 The Gaia Object Generator has been developed by Y. Isasi et al. 
within the 'Simulations coordination unit' in the Data Processing and 
Analysis Consortium. 



3 iBohlin & Gilliland j2004h gi ve a value of V = 0.026 ± 0.008 for 
the same flux at 555.6 nm, and iBohlinl f2007h gives a revised value 
V = 0.023 ± 0.008 mag. 
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star. The derivation of the magnitudes in G, Gbp, Grp and Grvs 
is given as follows: 



G x = -2.5 ■ lot 



dX F(A) KT - 44 * T(A) P X (A) AQ X (A) 



£ "'" dA FV*' (A) T(A) P X (A) AQ X (A) 



+ G 



Vei>a 



(i) 



where Gx stands for G, Gbp, Grp and Grvs- F(A) is the flux 
of the source and F vega (A) is the flux of Vega (AOV spectral 
type) used as the zero point. Both these fluxes are in energy per 
wavelength and above the Earth's atmosphere. G^ ega is the ap- 
parent magnitude of Vega in the Gx passband. A,\ is the extinc- 
tion. T(A) denotes the telescope transmission, Px(A) is the prism 
transmission (Px(A) = 1 is assumed for the G passband) and fi- 
nally, Qx(A) is the detector response (CCD quantum efficiency). 
Therefore, the G, Gbp, Grp and Grvs passbands are defined by 
SxW = T(A)P X (A)AQ X {A). 



3. Other photometric systems 

As discussed in the introduction, relationships between Gaia's, 
magnitudes and other photometric systems are provided. In this 
section we briefly introduce the most commonly used broad- 
band photometric systems, which are used in Sect. [5] to derive 
their relationships with Gaia bands. The photometric systems 
considered are the following: a) the Johnson-Cousins photomet- 
ric sy stem, which is one of the oldest systems used in astron- 
omy dJohnsonlll963[). b) the Sloan Dig ital Sky Survey photo- 
metric passbands ( Fukugita et alj [l99q) are and will be used 
in several large surveys such as UVEX, VPHAS, SSS, LSST, 
SkyMapper, PanSTARRS... and c) finally, as Gaia is the suc- 
cessor of Hipparcos, and all its objects fainter than V ~ 6 mag 
will be observed with Gaia, we establish the correspondence be- 
tween the very broadbands of the two missions. For complete- 
ness, we include Tycho passbands as well. 



3.1. Johnson-Cousins UBVRI photometric system 

The UBVRI system consists of five passbands which stretch 
from the blue end of the visible spectrum to beyond the red 
end. The UBV magnitudes and c olour indices ha ve always been 
based on the original system by iJohnsonl (I1963I) while we can 
find several RI pas sbands in the l iterature. Here we adopt the 
passband curves in iBesselll (Il990l). w hich in clude the RI pass- 
bands based on the work of ICousinsi (fl976h . The mean wave- 
lengths of the bands and their FWHM are displayed in Table Q] 
For Johnson-Cousins magnitudes, the zero magnitudes are de- 
fined through Vega and they are U — 0.024 mag, B = 0.028 mag, 
V = 0.030 mag, R c = 0.037 mag and I c = 0.033 mag 
dBessell et aljfl9 98). Figure[5]displays the five Johnson-Cousins 
passbands. 




Fig. 5. Johnson-Cousins normalised passbands (tBesselllll990h . 



AB system of lOke & Gunnl (1 19831) and thus m v = corresponds 
to a source with a flat spectrum of 3.63 lxlO -23 W irT 2 Hz -1 . 
Figure [6] displays the SDSS passba nds. All the data c oncern- 
ing the passbands can be found in llvezic et al ] (I2007h . These 
passbands are based on the QEs provided on the SDSS web 
sit^3, where one can also find the conversion between the var- 
ious SDSS magnitude systems. 




A(nm) 



Fig. 6. SDSS normalised passbands (http://www.sdss.org/). 



3.2. SDSS photometric system 

The Sloan Digital Sky Survey (SDSS) photometric system com- 
prises five CCD-based wide-bands with wav elength coverage 
from 300 to 1100 nm dFukugita et al.lll996l) . The five filters 
are called u,g, r, i, and z and their mean wavelengths and their 
widths are displayed in Table Q] This photometric system in- 
cludes extinction through an airmass of 1.3 at Apache Point 
Observatory and "ugriz" refers to the magnitudes in the SDSS 
2.5m systerrQ. The zero point of this photometric system is the 

4 Other systems exist as the u' g'r'i'z' magnitudes which are in the 
USNO 40-in system. 



3.3. Hipparcos photometric system 

ESA's Hipparcos space astrometry mission produced a highly 
precis e astrometric and pho tometric catalogue for about 120000 
stars (iPerrvman et al.l[T997h . The unfiltered image provided the 
Hp magnitude, and the white light of the Sky Mapper was 
divided by a dichroic beam splitter onto two photomultiplier 
tubes providing the two Tycho magnitudes Bj and Vt- The 
Hipparcos (H p ) and Tycho (Vt and Bj) passbands are displayed 

5 Available at http://www.sdss.org/ 
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Table 1. Central wavelength and FWHM for the Gaia, Johnson, Sloan and Hipparcos-Tycho passbands. 
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A„: Mean wavelength 

AA: Full Width at Half Maximum (FWHM) 



in Fig. [7] (see Table Q] to check the values for the mean wave- 
lengths and the widths of these passbands). The zero points 
of the Hipparcos/Tycho photometry are chosen to match the 
Johnson sy stem in a way that H n - Vt = V and Bj — B for 
B - V — ( Ivan Leeuwen et aO 19971) . Hence this is a Vega-like 
system, with HZ ega = V T ega = B v T ega = 0.03 mag. Tycho pass- 
bands (Bj-, Vt) are very similar to the Johnson (B, V) pass bands 
and r elations already exist between these two systems (lESAl 
|1997|) . Additional discussion of the Hipparcos-Tycho passbands 
and the i r relat ionship with the Johnson system can be found in 
iBesselll d2000b . 




Fig. 7. Hipparcos and Tycho normalised passbands (HSA 19971). 



4. The choice of stellar libraries 

A large community of scientists has agreed to produce state-of- 
the-art libraries of synthetic spectra, with a homogeneous and 
complete coverage of the astrophysical-parameters space at the 
two resolutions required to produce Gaia simulations: 0. 1 nm for 
the low-dispersion (300-1100 nm) and 0.001 nm for the high 
resolution mode (840-890 nm). The capability of reproducing 
real spectra is improving, and each code producing synthetic 
spectra is tuned for a given type of stars. These libraries, summa- 
rized in Table [2] span a large range in atmospheric parameters, 
from super-metal-rich to very metal-poor stars, from cool stars 
to hot stars, from dwarfs to giant stars, with small steps in all 
parameters, typically Ar e fF=250 K (for cool stars), A log g=0.5 
dex, A[Fe/H]=0.5 dex. Depending on r e jf, these libraries rely 
mostly on MARCS (F,G,K stars), PHOENIX (cool and C stars), 
KURUCZ ATLAS9 and TLUSTY (A, B, O stars) models. Those 



models are based on different assumptions: KURUCZ are LTE 
plane-parallel models, MARCS implements also spherical sym- 
metry, while PHOENIX and TLUSTY (hot stars) can calculate 
NLTE models both in plane-parallel mo de and spherical symme - 
try (for a more detailed discussion see iGustafsson et alJ l2008h . 
MARCS spectra are also calculated including a global [a7Fe] 
enhancement (from -0.2 to 0.4 dex with a step of 0.2 dex). 
Moreover, enhancements of individual a elements (O, Mg, Si, 
Ca) are considered. Hot-star spectra take into account the effects 
of magnetic fields, peculiar abundances, mass loss, and circum- 
stellar envelopes (Be). The impact of the underlying assump- 
tions, of the different input physics (i.e. atomic and molecular 
line lists, convection treatment) or of the inclusion of NLTE ef- 
fects can be seen when comparing the broadband colours (B - V, 
V - R, V - I) of the different libraries. As an example we show 
in Fig. |8] the comparison between the colours derived for solar 
metall icities from the empirical calibration of IWorthev & Led 
(120061) and those derived from the libraries described in Table|2] 
They show a similar behaviour and are a good reproduction of 
the empirical relations in the diagram A(V - R) - (V — I), where 
the residuals are < 0.07 mag, except for very red colours, as ex- 
pected. The agreement is worse in the A(B-V)-(V -/) diagram, 
where the residuals are of the order of +0.1. 



The work of Westera et al. I d200l is based on that of 
ILeieune et al.l (11997 ) who presented the first hybrid library 
of synthetic stellar spe ctra, Ba S eL, u si ng three or i ginal grids 
of model atmosphe r es (iKuruczl dl992l) . iFluks et al] ill 9941) and 
iBessell et al.l (1 19891 1 19911) . respectively) in order to cover the 
largest possible ranges in stellar parameters (T e g, logg, and 
[M/H]). The important point in the BaSeL library is that it in- 
cludes correction functions that have been applied to a (theoret- 
ical) solar-abundance model flux spectrum in order to yield syn- 
thetic U BVRIJHKL colours that match the (empirical) colour- 
temperature calibrations derived from observations. In this way, 
the discontinuity in the flux level provi ded by the m a tch of 
several libraries is taken into account. ILeieune et al.l (1 19981) 
extended this li b rary t o M dwarfs by using the models of 
lHauschildt etaTI (1 1999b and to non-solar metallicities, down 
to fM/Hl~- 5.0 dex (BaSeL2.2) The version 3.1 of BaSeL 
(BaSeL3.1, IWestera et al.l 120021) differs from the preceding 
2.2 library by the colour-calibration at all metallicities using 
Galactic globular cluster photometric data. The BaSeL3.1 li- 
brary was constructed to improve the calibration models, espe- 
cially at low metallicities. The M-gi ants used in th e BaSeL2.2 
were replaced in the version 3.1 with IScholzl (1 19971) models. 



Given the level of differences in Fig|8] we d ecided to use 
the la test version of the BaSeL library (BaSeL3,l. lWestera et al.l 
12001 below. The last row of Table|2]represents the grid coverage 
of the BaSeL library used in this work. 
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Name 


?eff 


(K) 


logg (dex) 


[Fe/H] (dex) 


Notes 


O, B stars 1 


15000- 


- 50000 


1.0-5.0 


-5.0- +1.0 


TLUSTY code, NLTE, wind, mass loss 


Ap/Bp stars 2 


7000- 


- 16000 


4.0 


+0.0 


LLmodels code, non-solar abundance 


B-F stars 3 


6000- 


- 16000 


2.5-4.5 


+0.0 


LLmodels 


MARCS 4 


4000- 


-8000 


-0.5-5.5 


-5.0- +1.0 


Variations in individual a-elements abundances 


C stars 5 - 6 


4000- 


-8000 


0.0-5.0 


-5.0- +0.0 


Ar eff = 500 K; [C/Fe]=0,l,2,3; [a/Fe]=+0.0, +0.4 


PHOENIX 7 


3000- 


- 10000 


-0.5-5.5 


-3.5 - +0.5 


Ar eff = 100 K; [a/Fe]=-0.2-+0.8, A[a/Fe]=0.2 


Ultra-cool dwarfs 8 


100- 


-6000 


0.0-6.0 


+0.0 


Different dust model implemented; 


BaSeL3.1 9 


2000- 


50000 


-1.0-5.5 


-2.0-0.5 


Based on Kurucz (1992). Fluks et al. (1994), Bessell et al. (1989, 1991), 
Hauschildt et al. (1999) and Scholz (1997) 



Notes . References: iBouret et all d2008h. ^Kochukhov & Shulvakl j2008h jShulyak et all j2004l), jGustafsson et alj ( 120081) , lAlvarez & P"Ie3 
(119981), iBrott & Hauschildtl J2005h. ' Allard et alj d2000h. iMartavan et all J2008h. IWestera et alj d2002l)~ 



[Fe/H]= + 0.0 Differences to Worthey&Lee (2006) 



0.04 - 




1 3 

(V-I) 



Fig. 8. Residuals in the colour-colour diagram of all avail- 
able high-resolution li braries with the empirical calibration of 
IWorthev & Led d2006l) for solar metallicity stars. 

5. Gaia magnitudes and colour-colour 
transformations 

In this section, we introduce the transformations between the 
Gaia s ystem and the oth er photometric systems introduced in 
Sect.l3l |jordT et alj d2006l) presented the relationship among the 
G— V and V-Ic colours. The G is now slightly different from the 
one used in that paper because the QEs of the CCDs, the proper- 
ties of the prism coatings, and the mirror reflectivities have been 
updated since. 



The SEDs of the BaSeL3.1 library described in Sect. |4]have 
been redde ned by several amoun ts (A,) = 55o= 0, 1, 3, 5 mag) fol- 
lowing the ICardelli et all (119891) reddening law and assuming 
R v = 3.1 (see Sect. [7] for a discussion of the extinction law). 
Colours have been derived from synthetic photometry on all cre- 
ated SEDs and can be found in Tabled . The number of fig- 
ures/relationships that could be done with these data is numer- 
ous. Therefore, we have only computed and only display those 
relations which we believe are most useful to potential users. 
The transformations are only valid for the astrophysical param- 
eters of the BaSeL3.1 library and no extrapolation is possible. 
Usually, the dispersion is found to increase for T e g < 4500 K 
owing to gravity and metallicity. We will not analyse each case 
in detail. The better residuals are in the range 0.02-0.10 mag 
depending on the colours involved. For many applications this 
accuracy is sufficient. Anyway, the online tables are provided to 
allow readers to compute the desired relationship according to 
their needs or to look for specific stars. 

5.1. Gbp-Grp as indicator of T eS 

We discuss here the relation between the effective temperature 
and the colour Gbp-Grp. This relation, displayed in Fig. [9] is 
almost equivalent to the well known relation of T e ff = f{V - Iq) 
because, as we will see in Fig.QT] Gbp-Grp plays the same role 
as V - Ic- There is a scatter owing to metallicity and surface 
gravity, but it is a rather tight relationship for Gbp-Grp<1.5 
{T e ff > 4500 K). For a fixed metallicity and effective tem- 
perature, the horizontal scatter is due to the gravity because a 
redder Gbp-Grp colour corresponds to lower gravity. We have 
derived a polynomial expression for the relation between the 
effective temperature and the colour Gbp-Grp for stars with 
Gbp-Grp< 1.5 and without reddening. For cooler stars, the dis- 
persion increases drastically and a mean relation is useless. The 
polynomial fitting is displayed in Fig. [9] and the expression is 

log(r eff ) = 3.999-0.654(Cxp) + 0.709(Cxp) 2 -0.316(Cxp) 3 ,(2) 

where Cxp = Gbp-Grp and the residual of the fit is equal to 0.02 
dex, which is equivalent to a relative error AT e g/T e g of ~4.6 %. 



Table 1 1 is only available in electronic form. 



6 



Jordi et al.: Gaia broad band photometry 



i | i i i | i i i | i i i | i i i | 

. t [M/H] = 0.5 dex 

I [M/H]=0.0 dex 

4 5 ~ I [M/H]=-Q.5 dex - 

- § [M/H] = -1.0 dex 

\ [M/H]=-1.5 dex 

I [M/H] = -2.0 dex 

? - 1 



2 4 6 8 

Fig. 9. Effective temperatures versus the colour Gbp-Grp for all 
SEDs in BaSeL3.1 library. No reddening has been considered. 
The dashed line corresponds to the polynomial expression of 
Eq.rj 

5.2. Colour-colour transformations 
Polynomial expressions of the form 

Ci =ci + b-C2 + c-Cl+d-C\ 

have been fitted to colours C\ and C2, with C\ a colour in- 
volving at least one Gaia magnitude and C2 a Johnson-Cousins, 
Hipparcos or SDSS colour. In many cases, the reddening vector 
runs almost parallel to the colour-colour relationships and con- 
sequently to a unique fit to the set of spectra (BaSeL spectra with 
four different A,) = 55o are considered) has been computed. The re- 
sults of these fittings are shown in Tables [3] to [5] The standard 
deviations of the residuals of the fittings for Johnson-Cousins, 
Hipparcos/Tycho and Sloan systems are in the last columns of 
these tables. They are of the order of a few hundredths of a 
magnitude in almost all cases and of a few tenths in the others 
(like in case of B - V). The fits show the dependencies among 
colours and their scatter, which mainly depend on the reddening 
and range of colours and in second order on luminosity class and 
metallicity. 

Several of the fits are presented in colour-colour diagrams 
in Figs. [TO] to [14] For the transformations that involve Johnson- 
Cousins colours (Fig.rTTT). the relation with V - I c is the one that 
has the lowest residuals. One can notice an increase in dispersion 
starting at V - I c > 4.5. This is due to the metallicity. As an 
example, we mention the upper left panel displaying G-V with 
respect to V — I c where for a fixed V — I c value, metal poor stars 
have higher G-V values than solar metallicity stars. This effect 
is the same for every extinction value. The relationships with 
V - Rc or Rc - Ic have also low residuals, but we only display 
those with V - Ic as an example of the fitting. The diagrams 
with the B — V colour show large scatter, especially for G-V, 
G-Gbp, V-Grp and Gbp-Grp. The same effects appear with 
respect to Bj - Vj as seen in Fig. [10] The residuals increase 
from Bj - Vj ~ 1 and G - Vj < -0.5, which is mainly due to 
cool stars (T e g < 4500 K). Among these cool stars, the scatter is 
due to the surface gravity and metallicity. It is preferable not to 
use the transformation with B - V or By - Vt for the cool stars. 
In Table[4]we present a relationship between G-Vj and Bj - Vt 



Table 3. Coefficients of the colour-colour polynomial fittings us- 
ing Johnson-Cousins passbands. 







(V-I C ) 


{V-Ic) 1 


(V-Icf 


<T 


G-V 


-0.0257 


-0.0924 


-0.1623 


0.0090 


0.05 


G - Grvs 


-0.0138 


1.1168 


-0.1811 


0.0085 


0.07 


G-Gbp 


0.0387 


-0.4191 


-0.0736 


0.0040 


0.05 


G-Grp 


-0.0274 


0.7870 


-0.1350 


0.0082 


0.03 


V - Grvs 


0.0119 


1.2092 


-0.0188 


-0.0005 


0.07 


V-Gbp 


0.0643 


-0.3266 


0.0887 


-0.0050 


0.05 


V-Grp 


-0.0017 


0.8794 


0.0273 


-0.0008 


0.06 


Gbp-Grp 


-0.0660 


1.2061 


-0.0614 


0.0041 


0.08 






(V-R c ) 


(V-RcY 


(V-Rc)' 


<T 


G-V 


-0.0120 


-0.3502 


-0.6105 


0.0852 


0.10 


G - Grvs 


0.0267 


2.3157 


-0.7953 


0.0809 


0.10 


G-Gbp 


0.0344 


-0.9703 


-0.2723 


0.0466 


0.10 


G-Grp 


0.0059 


1.5748 


-0.5192 


0.0558 


0.05 


V - Grvs 


0.0388 


2.6659 


-0.1847 


-0.0043 


0.15 


V-Gbp 


0.0464 


-0.6200 


0.3382 


-0.0386 


0.05 


V-Grp 


0.0180 


1.9250 


0.0913 


-0.0294 


0.13 


Gbp-Grp 


-0.0284 


2.5450 


-0.2469 


0.0092 


0.14 






(Rc - Ic) 


(Rc - k) 1 


(Rc - k) 3 




G-V 


-0.0056 


-0.4124 


-0.2039 


-0.0777 


0.13 


G - Grvs 


-0.0279 


2.0224 


-0.5153 


0.0176 


0.06 


G-Gbp 


0.0682 


-1.0505 


0.1169 


-0.1052 


0.10 


G-Grp 


-0.0479 


1.5523 


-0.5574 


0.0776 


0.03 


V - Grvs 


-0.0223 


2.4347 


-0.3113 


0.0953 


0.14 


V-Gbp 


0.0738 


-0.6381 


0.3208 


-0.0276 


0.06 


V-Grp 


-0.0423 


1.9646 


-0.3535 


0.1553 


0.14 


Gbp-Grp 


-0.1161 


2.6028 


-0.6743 


0.1829 


0.12 






(B - V) 


(B - Vf 


(B - vy 


(T 


G-V 


-0.0424 


-0.0851 


-0.3348 


0.0205 


0.38 


G - Grvs 


0.1494 


1.2742 


-0.2341 


0.0080 


0.15 


G-Gbp 


-0.0160 


-0.4995 


-0.1749 


0.0101 


0.35 


G-Grp 


0.0821 


0.9295 


-0.2018 


0.0161 


0.09 


V - Grvs 


0.1918 


1.3593 


0.1006 


-0.0125 


0.45 


V-Gbp 


0.0264 


-0.4144 


0.1599 


-0.0105 


0.05 


V-Grp 


0.1245 


1.0147 


0.1329 


-0.0044 


0.46 


Gbp-Grp 


0.0981 


1.4290 


-0.0269 


0.0061 


0.43 



Notes. Data computed with four values of extinction (^^=550= 0, 1, 3 
and 5 mag). 



for stars with an effective temperature higher than 4500 K (black 
dots in Fig. [TO. 

For the Hipparcos passbands we show in Fig. [12] two plots 
involving the Gaia passbands and H p . In the left panel where we 
display G - H p with respect to Gbp-Grp, we notice a deviation 
from the main trend for Gbp-Grp> 4. This deviation is caused 
by cool metal poor stars with T eB < 2500 K and [M/H]< -1.5 
dex. For this reason, we have computed two distinct relation- 
ships involving Gbp-Grp and G - H p . These relationships are 
displayed in Tableland Fig. [12] 

For the SDSS passbands, the relationships with g - i colour 
are slightly more sensitive to reddening than with V — Ic. 
Gbp-Grp correlates better with g — z than with g - i as shown 
in Fig. [13] and Table [5] The transformations from SDSS pass- 
bands yield residuals larger than with Johnson passbands. We 
have also plotted G-Gbp and G-Grp with respect to g — r and 
r - i because in the SDSS system t he stellar locus is de fined 
mainly from the g-rvs r-i diagram dFukugita et al ]l!996h . For 
stars with T e g < 4500 K, dispersions exist in gravity and metal- 
licity for each absorption value. This dispersion is more present 
in g - r than in r — i. 

Finally, Fig. [14] displays two plots involving the Gaia Grvs 
narrow band, Johnson-Cousins, and SDSS passbands. The rela- 
tionships can be found in Tables [3] and [5] 
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Table 4. Coefficients of the colour-colour polynomial fittings using Hipparcos, Tycho, and Johnson-Cousins passbands. 







- /c) 


(H p - I c f 


(H p - I c f 


O" 


G ~ V 


-0.0447 


-0.1634 


0.0331 


-0.0371 


0.10 


G - Grvs 


0.0430 


0.6959 


0.01 15 


-0.0147 


0.08 


G-Gbp 


0.0142 


-0.4149 


n mm 


-0.0331 


0.08 


G— Grp 




U.JO JO 


-U.UJJJ 


0016 


02 


V — Grvs 


0877 


U.OJ7J 


-0 0217 


0224 


1 1 

U. 1 1 


V OBP 


0589 


-0 2515 


U.Uj / 1 


0040 


U.UJ 


V L/Rp 


0542 


7271 


n o& ra 

"U.UOot 


0387 


n 1 1 

U. 1 1 


Gbp-Grp 


o c\(\ai 


O Q7S7 


1 
-U. 




U.Uo 






(Gbp-Grp) 


(Gbp-Grp ) z 


(Gbp-Grp) 3 




u rip 


1 0922 


-1 3980 


1593 


-0 0073 


05 


For 7 ff > 2500 K or rM/Hl>-l 5 Hex 




(Gbp - Grp) 


(Gbp-Grp)^ 


(Gbp-Grp) 3 




G-# p 


0.0169 


-0.4556 


-0.0667 


0.0075 


0.04 


For all the stars 




(Gbp-Grp) 


(Gbp-Grp ) z 


(Gbp-Grp) j 


cr 


G-H p 


0.0172 


-0.4565 


-0.0666 


0.0076 


0.04 


Hp - Grvs 


0.0399 


1.3790 


-0.0412 


-0.0061 


0.07 


H p -Gbp 


0.0023 


0.1253 


-0.0279 


-0.0029 


0.05 


H p ~Grp 


0.0023 


1.1253 


-0.0279 


-0.0029 


0.05 


For r eff > 4500 K and A /(= s 5 o= 




(B T - V T ) 


(B T - V T f 


(B T - Vt) 1 


<T 


G-V T 


-0.0260 


-0.1767 


-0.2980 


0.1393 


0.03 



Notes. Data computed with four values of extinction (A A= sso= 0, 1, 3 and 5 mag). 
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Fig. 10. Colour-colour diagrams involving Gaia G and Tycho 
colour. No extinction has been considered. The stars are sepa- 
rated in effective temperature, surface gravity, and metallicity. 
The plot is very similar to the one displaying (G—V) — (B— V). 
Dashed line corresponds to the fitting in Table|4] 

Transformations using two Johnson or two SDSS colours 
have also been computed in the form 

Ci = a + b ■ C 2 + c ■ Cj + d ■ C\ + e ■ C 3 +/ • Cf + g ■ C\ + h ■ C 2 C 3 

and they are shown in Table|7j The residuals are lower than using 
only one colour. For the Johnson-Cousins system, the residuals 
do not decrease much, but for the SDSS system the improvement 
is substantial and the residuals are of the same order as those 
derived with V — Ic. Thus, for Sloan, transformations with two 
colours are preferred. 

The residuals can still be decreased if different transforma- 
tions are considered for different ranges of colours, reddening 
values, luminosity classes, and metallicities. As an example, for 
unreddened stars (nearby stars or stars above the galactic plane), 
the fittings are those in Table[6] 




v i c VI, 



Fig. 11. Colour-colour diagrams involving Gaia passbands and 
V — Ic Johnson-Cousins passbands. Different colours are used 
for different A,i=55o values. Plots with V — Rc or Rc - Ic show 
very similar behaviour. Dashed lines correspond to the fitting in 
Table[3] 



6. Bolometric correction 

Luminosity is a fundamental stellar parameter that is essential 
for testing stellar structure and evolutionary models. Luminosity 
is derived by computing the integrated energy flux over the entire 
wavelength range (bolometric magnitude). The relation between 
the absolute magnitude in a specific passband and the bolometric 
one is done through the bolometric correction (BC). 

For a given filter transmission curve, Sx{A), the bolometric 
correction is defined by 

BC Sx =M bo i -M Sx . (3) 
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Table 7. Coefficients of the colour-colour polynomial fittings using two colours. 







(V - I c ) 


(V-Ic) 1 


(V - / C ) J 


(B-V) 


(B - V) 1 


(b - vy 


(V - I C )(B - V) 


O" 


G - V 


-0.0099 


-0.2116 


-0.1387 


0.0060 


0.1485 


-0.0895 


0.0094 


0.0327 


0.04 


G - Grvs 


-0.0287 


1.2419 


-0.2260 


0.0097 


-0.1493 


-0.0194 


-0.0026 


0.0710 


0.07 


G-Gbp 


0.0088 


-0.1612 


-0.1569 


0.0080 


-0.3243 


0.0692 


-0.0082 


0.0582 


0.04 


G-Grp 


-0.0075 


0.6212 


-0.0816 


0.0040 


0.2206 


-0.1020 


0.0131 


-0.0053 


0.02 


V - Grvs 


-0.0188 


1.4535 


-0.0873 


0.0038 


-0.2977 


0.0701 


-0.0120 


0.0383 


0.06 


V-Gbp 


0.0188 


0.0504 


-0.0181 


0.0021 


-0.4728 


0.1586 


-0.0176 


0.0255 


0.03 


V-Grp 


0.0024 


0.8328 


0.0572 


-0.0020 


0.0722 


-0.0126 


0.0037 


-0.0380 


0.06 


Gbp-Grp 


-0.0163 


0.7825 


0.0753 


-0.0040 


0.5450 


-0.1712 


0.0213 


-0.0635 


0.06 






is - 


(g - 


(g - 


(g - r) 


(g - rf 


(g - ry 


fe - r)(g - i) 


(T 


G-g 


-0.1005 


-0.5358 


-0.1207 


0.0082 


-0.0272 


0.1270 


-0.0205 


-0.0176 


0.08 


G - Grvs 


0.4341 


1.7705 


-0.4126 


0.0130 


-1.6834 


-0.0036 


-0.0463 


0.5242 


0.07 


G-Gbp 


-0.1433 


-0.5200 


-0.1086 


0.0087 


0.2110 


0.3126 


-0.0301 


-0.0669 


0.08 


G-Grp 


0.2726 


0.7978 


-0.1449 


0.0035 


-0.4358 


-0.1458 


0.0025 


0.1990 


0.02 


g - Grvs 


0.5345 


2.3063 


-0.2919 


0.0049 


-1.6562 


-0.1306 


-0.0257 


0.5419 


0.09 


g-Gfip 


-0.0428 


0.0158 


0.0122 


0.0005 


0.2382 


0.1855 


-0.0096 


-0.0493 


0.02 


£-Grp 


0.3731 


1.3335 


-0.0242 


-0.0047 


-0.4086 


-0.2729 


0.0230 


0.2166 


0.10 


Gbp-Grp 


0.4159 


1.3177 


-0.0364 


-0.0052 


-0.6468 


-0.4584 


0.0326 


0.2659 


0.10 






(r - i) 


(r - if 


(r - if 


(g - r) 


(.g - rY 


(g - ry 


(g - r)(r - /') 


O" 


G-g 


-0.0992 


-0.5749 


-0.2427 


0.0365 


-0.5277 


-0.1158 


0.0086 


-0.0337 


0.08 


G - Grvs 


0.4362 


1.7138 


-0.6096 


0.0585 


0.1399 


-0.0572 


0.0000 


0.0578 


0.07 


G-Gbp 


-0.1430 


-0.5925 


-0.2220 


0.0366 


-0.2521 


0.0198 


0.0015 


-0.0452 


0.08 


G-Grp 


0.2733 


0.7851 


-0.1993 


0.0159 


0.3745 


-0.1357 


0.0149 


0.0057 


0.02 


8 - Grvs 


0.5355 


2.2887 


-0.3669 


0.0220 


0.6676 


0.0587 


-0.0086 


0.0915 


0.09 


g-Gsp 


-0.0438 


-0.0176 


0.0207 


0.0001 


0.2755 


0.1356 


-0.0071 


-0.0114 


0.02 


g-GRp 


0.3725 


1.3600 


0.0434 


-0.0206 


0.9022 


-0.0199 


0.0062 


0.0394 


0.10 


Gbp-Grp 


0.4163 


1.3776 


0.0227 


-0.0206 


0.6267 


-0.1555 


0.0133 


0.0509 


0.10 



Notes. Data computed with four values of extinction (A^ = 5so= 0, 1, 3 and 5 mag). 




Fig. 12. Colour-colour diagrams involving the three broad Gaia 
passbands and Hipparcos H p . Different colours are used for dif- 
ferent absorption values as in Fig. Q~T] Dashed lines correspond 
to the fitting in Table @] 



This correction can be derived for each star of known T R ff and 
log g, using the following equation from lGirardi et al.l d2002l) 



BC S 



M bol , - 2.5 log[47r(lOpc) 2 F bol /L ] 



+2.5 log 



J A ;f A S x (A)dAj 



(4) 



where M bo i, G = 4.75 (lAndersenll 19991) is the bolometric magni- 
tude of the Sun and L Q = 3.856 x 10 26 W is its luminositjfj f° 
stands for the reference spectrum (e.g. Vega) at the Earth with its 
apparent magnitude . ... Fboi is the total flux at the surface of 



the star (F bo i = f { ™ F A dA = crT* s ). 



Substituting fboi by o~T^, Eq.|4]can be rewritten as 
BC Sx = -M Sx - 2.5 log(T e 4 ff ) - 0.8637, 



(5) 



where Ms x = -2.5 log 



f£ FiSxWdA 



+ m° s is computed using 



the SED o f the star at its surfac e. Equation|5]is similar to the one 
derived in Be ssell et al.l (Il998h and will be used to compute the 
bolometric correction in the Gaia photometric bands. Once we 
compute the bolometric correction BCs x , the bolometric abso- 
lute magnitude M\, Q \ can be derived from Eq.[3] 

Figure[l5]and Tabl^l 12 display the bolometric correction for 
the G, Gbp, and Grp bands for different metallicities and surface 
gravities. Panels (a), (c) and (d) of Fig. Q3] display the bolomet- 
ric correction and its dependence with effective temperature and 
metallicity. Panel (b) shows the variation of the bolometric cor- 
rection in G with respect to surface gravity and for solar metal- 
licity. The bolometric corrections in G and Gbp are near zero 
for F-type stars and for the entire metallicity range. For Grp, the 
maximum around BCrp =0.75 is found to be related to stars with 
T e g around 4500-5000 K. For cool stars (log T e ff < 3.6 dex) and 
for each temperature, there is a large dispersion in bolometric 
correction values with respect to surface gravity and metallicity. 

7. Interstellar absorption 

The extinction curve used in the previous section was taken 
from ICardelli et alJ (fl989h assuming a n average ga l actic value 
of Ry = 3.1. This curve agrees with iFitzpatrickl (1 19991) and 
iFitzpatrick & Mas"sal d2007l) in the wavelength range of Gaia's 
passbands, 330-1000 nm. In lFitzpatrick & Massal ( 120071) , which 
contains the most updated discussion on the absorption law, ex- 
tinction curves with Ry values in the range 2.4-3.6 are consid- 
ered for a sample 243 stars in sight lines with diffuse interstellar 



http://www.spenvis.oma.be/spenvis/ecss/ecss06/ecss06.html 



Table 12 is only available in electronic form. 
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Table 5. Coefficients of the colour-colour polynomial fittings us- 
ing SDSS passbands. 
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Fig. 13. Colour-colour diagrams involving the three broad Gaia 
passbands and SDSS passbands. Different colours are used for 
different absorption values as in Fig. QT| Dashed lines corre- 
spond to the fitting in Table [5] 
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0.09 
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0.0032 


0.10 


G-Gbp 


-0.1235 
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-0.0582 


0.0033 


0.14 


G-Grp 


0.2566 
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-0.0678 


0.0032 


0.04 


g - Grvs 


0.4871 


1.2560 


0.0047 


-0.0020 


0.12 


g-GflP 


-0.0294 


0.2021 


0.0392 


-0.0019 


0.11 


g-GRp 


0.3506 


1.0397 


0.0296 


-0.0020 


0.11 


Gbp-Grp 


0.3800 


0.8376 


-0.0097 


-0.0001 


0.17 






(g-r) 


(g - r) 1 


(g - r)' 




G-g 


-0.0662 


-0.7854 


-0.2859 


0.0145 


0.30 


G - Grvs 


0.3660 


1.1503 


-0.2200 


0.0088 


0.13 


G-Gbp 


-0.1091 


-0.5213 


-0.1505 


0.0083 


0.29 


G-Grp 


0.2391 


0.8250 


-0.1815 


0.0150 


0.07 


g - Grvs 


0.4322 


1.9358 


0.0660 


-0.0057 


0.36 


g-Gap 


-0.0429 


0.2642 


0.1354 


-0.0061 


0.03 


g-GRp 


0.3053 


1.6104 


0.1044 


0.0006 


0.36 


Gbp-Grp 


0.3482 


1.3463 


-0.0310 


0.0067 


0.35 






(r-i) 


(r-i) 1 


(r-if 




G-g 


-0.1741 


-1.8240 


-0.1877 


0.0365 


0.28 


G - Grvs 


0.4469 


1.9259 


-0.6724 


0.0686 


0.07 


G-Gbp 


-0.1703 


-1.0813 


-0.1424 


0.0271 


0.10 


G-Grp 


0.2945 


1.3156 


-0.4401 


0.0478 


0.04 


g - Grvs 


0.6210 


3.7499 


-0.4847 


0.0321 


0.28 


g-Gsp 


0.0038 


0.7427 


0.0453 


-0.0094 


0.22 


g-G RP 


0.4686 


3.1396 


-0.2523 


0.0113 


0.29 


Gbp-Grp 


0.4649 


2.3969 


-0.2976 


0.0207 


0.12 






(g-z) 


(g-z) 2 


(g-z) J 


O" 


G-g 


-0.1154 


-0.4175 


-0.0497 


0.0016 


0.08 


G - Grvs 


0.4087 


0.5474 


-0.0519 


0.0012 


0.07 


G-Gbp 


-0.1350 


-0.2545 


-0.0309 


0.0011 


0.09 


G-Grp 


0.2702 


0.3862 


-0.0401 


0.0015 


0.02 


g - Grvs 


0.5241 


0.9649 


-0.0022 


-0.0004 


0.08 


g-Gsp 


-0.0195 


0.1630 


0.0188 


-0.0005 


0.14 


g-GRp 


0.3857 


0.8037 


0.0096 


-0.0001 


0.06 


Gbp-Grp 


0.4052 


0.6407 


-0.0091 


0.0004 


0.11 



Notes. Data computed with four values of extinction (A A=5S0 = 0, 1, 3 
and 5 mag). 




Table 6. Coefficients of the unreddened colour-colour polyno- 
mial fittings using Johnson-Cousins and SDSS passbands. 



Fig. 14. Colour-colour diagrams involving Gaia Grvs and 
Johnson-Cousins, Hipparcos and SDSS colours. Different 
colours are used for different absorption values as in Fig. QT| 
Dashed lines correspond to the fitting in Tables [3] and [5] 



medium. Gaia magnitudes have been recomputed for all spec- 
tra of the BaSeL3.1 library and A^^so^ 0, 1, 3 and 5 mag with 
R v = 2.4 and R v = 3.6. The left panel of Fig.[[6]shows the G- V 
vs V— I c polynomial relationships for each value of Ry- No differ- 
ences are noticeable: the polynomials overlap in the three cases. 
In the right panel of Fig. Q~6] we display the effect of the vari- 
ation of Ry on the Gaia colour-colour diagram. We have com- 
puted G-Gbp and G - Grp with respect to Gbp-Grp colour for 
an absorption value A / ( = 55o= 1 mag, and using the three different 







(V-I C ) 


(V-Ic) 1 


(V-IcY 




G- V 


-0.0354 


-0.0561 


-0.1767 


0.0108 


0.04 


G - Grvs 


-0.0215 


1.0786 


-0.1713 


0.0068 


0.06 


G-Gbp 


0.0379 


-0.4697 


-0.0450 


0.0008 


0.05 


G-Grp 


-0.0360 


0.8279 


-0.1549 


0.0105 


0.03 


V - Grvs 


0.0139 


1.1347 


0.0054 


-0.0040 


0.05 


V-Gbp 


0.0733 


-0.4136 


0.1316 


-0.0100 


0.05 


V-Grp 


-0.0007 


0.8840 


0.0218 


-0.0003 


0.05 


Gbp-Grp 


-0.0740 


1.2976 


-0.1099 


0.0097 


0.07 






(g - 


(g - if 


(g - 0" 


<T 


G-g 


-0.0912 


-0.5310 


-0.1042 


0.0068 


0.07 


G - Grvs 


0.3356 


0.6528 


-0.0655 


0.0004 


0.08 


G-Gbp 


-0.1092 


-0.3298 


-0.0642 


0.0045 


0.12 


G-Grp 


0.2369 


0.4942 


-0.0612 


0.0027 


0.04 


g - Grvs 


0.4268 


1.1838 


0.0387 


-0.0063 


0.09 


g-GflP 


-0.0180 


0.2013 


0.0399 


-0.0023 


0.10 


g-GRp 


0.3281 


1.0252 


0.0429 


-0.0041 


0.09 


Gbp-Grp 


0.3461 


0.8240 


0.0030 


-0.0018 


0.16 



values of Ry. The effect of modifying Ry is also negligible in 
this case. 

Figure [T7] and Tabl^f] 13 show several ratios of total-to- 
selective absorption including absorption Ac in the G band and 



Table 13 is only available in electronic form. 
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Table 8. Coefficients of the polynomial fittings of Ac/Ay with respect to the unreddened (V - Ic)o- 



(V-7 c )o (V-Icfo (V - IcY ~ 

ForA /l=5 5o= 1 Aa/Av 0.9500 -0.1569 0.0210 -0.0010 0.01 

ForA, l=550 = 3 AclAv 0.8929 -0.1378 0.0186 -0.0008 0.01 

ForA /1=5 ,o=5 Ac/Ay 0.8426 -0.1187 0.0157 -0.0007 0.01 



[M/H|- 2.0 dex 
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Fig. 15. Panels (a), (c) and (d) show the bolometric correction in 
G, Gbp, and Grp with respect to the effective temperature and 
metallicity. Panels (a), (c) and (d) have the same legends. Panel 



metallicity and gravity. Table [8] displays a third degree polyno- 
mial relationship involving Ac/Ay and (V - Ic)o- 



A G /E(V-I C ) 




A = 



(v-i c )„ 




(v-i c )„ 




(V-I c )o 















i , , , i 


& f " ; 

i 
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4 


(r-i)o 





(b) displays the variation of the bolometric correction in G with pig _ ^ Examp i es of ratios of to tal-to-selective absorption A 



respect to surface gravity for solar metallicity 



c m 



the G band and colour excess in Gbp-Grp, £(Gbp-Grp). 





Fig. 16. Left: polynomial fitting of different transformations for 
G—V with respect to V — I c using Cardelli et al. (1989) law with 
different Ry values {Ry = 2.4, 3.1 and 3.6). In each case the four 
absorption values have been considered ^^550= 0, 1, 3 and 5 
mag). Right: different transformations for G - Gxp with respect 
to Gbp - Grp using different Ry values (Ry = 2.4, 3.1 and 3.6). 
Only Ai = 55o= 1 is displayed. 



colour excess E'(Gbp-Grp). The ratios in all the bands depend on 
the stellar e ffective temperature, and less on surface gravity and 
metallicity dGrebel & Roberts! 19951) . There is also a dependence 
on Ay itself. The scattering that appears for (V - Ic)o ^ 1.5 or 
(r - Oo ^ 0.3 (i.e. T e ff < 4500 K) is due to the dependence on 



8. Stellar isochrones 

The Gaia parallaxes will allow users to locate stars in 
Hertzsprung-Russell (HR) diagrams with unprecedented pre- 
cision, and as a consequence the colour-magnitude Mq vs 
(Gbp-Grp)o diagram will provide lots of astrophysical informa- 
tion. Tracks and isochrones in that Gaia-HR diagram are needed. 
Several sets of isochrones are available in the literature: 

1 . Padova isochrones 

Several sets of stellar tracks and isochrones have been cal- 
culated by t he Padova group in the p ast 20 years (Bressa n 
et al. 1993; iFagotto et all dl994albl) iBertelli et all dl994l) . 
Girardi et al. 2000). lMarigo & Girardil (120071) and Marigo et 
al. (2008) included an updated modelling of the AGB phase. 
The evolution from the first thermal pulse up to the com- 
plete ejection of the stellar envelope is followed, including 
the transition to the C-star phase due to the third dredge- 
up event, and the proper effective temperatures for carbon 
stars, and suitable mass-loss rates for the M and C-type stars. 
Those AGB models are not calibrated. Recently, new stel- 
lar evolution models appeared in the Padova database for 
low-mass stars and high-mass stars in a large region of the 
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Z-Y plane dBertelli et alJ l2008h including a grid of abun- 
dances in the He content Y. The initial chemical compo- 
sition is in the range 0.0001 < Z < 0.070 for the metal 
content and for the helium content in the range 0.23 < 
Y < 0.40. For each value of Z, the fractions of different 
metals follow a s c aled s olar distribution, as compiled by 
iGrevesse & Noels! (1 19931) and adopted in the OPAL opac- 
ity tables. The radiative o pacities for scaled solar mixtures 
are from the OPAL group dlglesias & Rogersll 19961) for tem- 
peratures higher than log T - 4, and th e molecular opac- 
ities from lAlexander & Fergusonl (1 19941) for log T < 4.0 
as in ISalasnich et al.l (120001) . For very high temperatures 
(log T > 8.7) the opacities by Weiss et al. (1990) are used. 
The stellar models are computed for initial masses from 0.15 
to 2OM , for stellar phases going from the ZAMS to the end 
of helium burning. These tracks include the convective over- 
shoot in the core of the stars, the hydrogen semiconvection 
during the core H-burning phase of massive stars; and the 
helium semiconvection in the convective core of low-mass 
stars during the early stages of the horizontal branch. 
2. Teramo iso c hrone s: BASTI data base 

iBono et all d2000l) presented intermediate-mass standard 
models with diff erent helium and metal c o ntent (3 < M < 
15M Q ) and the iPietrinferni et al l d2004l 120061) extended 
database makes available stellar models and isochrones for 
scaled-solar and cr-enhanced metal distribution for the mass 
range between 0.5 and 1OM for a standard evolution- 
ary scenario (no atomic diffusion, no overshooting) and 
including overshooting. The stellar evolution models and 
isochrones are extended along the AGB stage to cover the 
full thermal pulse ph ase, using the synthetic AGB technique 
dlben & Truranl 19781) . All models have been computed using 
a scaled solar distribution (Grevesse & Noels 1993) for the 
heavy elements. The mass range goes from 0.5 M to 10.0 
M Q . The metallicity ranges from Z=0.0001 to 0.04, the He 
content from Y=0.245 to 0.30 following a AT/AZ relation. 

The Gaia passbands have been implemented on the two 
web sites of Padova (http://stev.oapd.inaf.it/) and BASTI 
(http://albione.oa-teramo.inaf.it/). This way stellar tracks and 
isochrones can be computed and downloaded. Figure [T8l shows 
the Padova isochrones (Marigo et al. 2008) in the Gaia pass- 
bands for solar metallicity and for different ages, just as an ex- 
ample. 




G„„-G D 




Fig. 18. Isochrones compute d at different ages, fo r G, Gbp, and 
Grp using the luminosities of lMarigo etail d2008l) . 



While scanning the sky, Gaia will observe the sources tran- 
siting the focal plane. In each transit, the same source will be 
observed nine times in Alfl and one time in BP and RP CCDs 
(see Fig. [T}. The magnitude error for a transit (cry) is computed 
taking into account (1) the photon noise, (2) the total detection 
noise per sample r, which includes the detector read-out noise, 
(3) the sky background contribution bx assumed to be derived 
from rib background samples, (4) the contribution of the calibra- 
tion error per observation cr cal , and (5) the averaged total number 
of columns in each band » s tripJEl 



ox [mag] 



<ai + 2.5 • log 



■y'Wsti-ips 

[gaper ■ fx + Q> X + < 2 ) ■ B, ■ (1 + n s /n b )] 1/2 \21 l ' 2 



gaper ' fx 



(6) 



9. Performances 

As explained in Sect. 6.2 of iJordi et al.l d2006l) . during the ob- 
servational process only the pixels in the area immediately sur- 
rounding the target source are sent to the ground in the form of 
a 'window'. In most cases the pixels in the window are binned 
in the across-scan direction so that the resulting data consist of a 
one-dimensional set of number counts per sample (a set of pix- 
els). The images in the one- or two- dimensional windows will 
be fitted with line-spread or point-spread functions to estimate 
the fluxes of the objects. The estimated associated error of the 
derived flux is related to the signal within the window as in the 
case of an 'aperture photometry' approach. It is assumed that the 
object flux fx within a given passband X is measured in a rect- 
angular 'aperture' of n s samples within the window. Some light 
loss is produced because of the finite extent of the 'aperture'. 
Hence the actual flux in the window will be g aper ■ fx, where 

gaper < L 



The magnitude errors are artificially increased by 20 per cent 
(m = 1.2). This safety margin accounts for sources of error not 
considered here such as the dependence of the calibration error 
on the sky density, complex background, etc. For the calcula- 
tions here we have assumed cr 2 ^ = 0, i.e. negligible compared 
to the poissonian and read-out noise. In reality this might not 
be the case because the complexity of the instrumental effects is 
rather challenging. At present it is not completely understood to 
which level of perfectness effects like saturation, non-linearity, 
radiation damage, and charge transfer inefficiencies on the data 
can be calibrated. Therefore a general calibration error of a few 
mmag at the end of the mission cannot be ruled out at the mo- 
ment. A calibration error of this level would mainly affect the 
quality of the bright sources. Furthermore it cannot be ruled out 



10 Actually, when transiting along the central row, the source will be 
observed only eight times in AF CCDs. Therefore the number of AF 
observations per transit is 8.86 on average. 

" 8.86 for G, 1 for Gbp and 1 for Grp. 
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Table 9. Number of focal plane transits after 5 years of mission 
as a function of the ecliptic latitude f3. 



1 sin(yS)| 


/?„„■„ (deg) 


/?„„„■ (deg) 


Nobs 


0.025 


0.0 


2.9 


61 


0.075 


2.9 


5.7 


61 


0.125 


5.7 


8.6 


62 


0.175 


8.6 


11.5 


62 


0.225 


11.5 


14.5 


63 


0.275 


14.5 


17.5 


65 


0.325 


17.5 


20.5 


66 


0.375 


20.5 


23.6 


68 


0.425 


23.6 


26.7 


71 


0.475 


26.7 


30.0 


75 


0.525 


30.0 


33.4 


80 


0.575 


33.4 


36.9 


87 


0.625 


36.9 


40.5 


98 


0.675 


40.5 


44.4 


122 


0.725 


44.4 


48.6 


144 


0.775 


48.6 


53.1 


106 


0.825 


53.1 


58.2 


93 


0.875 


58.2 


64.2 


85 


0.925 


64.2 


71.8 


80 


0.975 


71.8 


90.0 


75 


Mean 


0.0 


90.0 


81 



that sources with very extreme colours might have larger final 
errors. 

The attainable precisions in Gbp and Grp are shown in 
Fig. [19] where the estimated <tx are plotted for one single transit 
along the focal plane as a function of the G magnitude for dif- 
ferent (V - Ic) colours, respectively. The precision in G, which 
depends only on the G value, is also plotted. The discontinuities 
in Fig.[19]for bright stars are owing to different integration times 
at different magnitude intervals to avoid saturation of the pixels. 

The end-of-mission error should consider the true number of 
observations N t) b s and is given by cr^ OM — ax I \IN b s x DPq. 
DPg is a factor that takes into account the detection probabil- 
ity. It gives the probability that a star is detected and selected 
on-board for observation, as function of the apparent magni- 
tude G. Table [TUl displays the values of DPq in different ranges 
of magnitudes. As a result of the scanning law, the number of 
observations per star is related to the ecliptic latitude as given 
in Table [9] The data in this table are taken from the ESAPI 
Science Performance information. The ecliptic latitude can be 
calculated from the equatorial coordinates {a, 8) or galactic co- 
ordinates (I, b) according to Eq. [8] 

sin/? = 0.9175 -sin 6 -0.3978 -cos S -sin a (7) 
= 0.4971 - sin/? + 0.8677 cos sin(7 - 6°.38). 

According to this formulation, and for a specific object, one 
can estimate the end-of-mission precision by knowing the celes- 
tial coordinates, the G magnitude of the source and its colour. 

10. Conclusions 

We have presented the characterisation of the Gaia passbands 
(G, Gbp, Grp, and Grvs) based on the most up-to-date informa- 
tion from the industrial partners. Not all data are yet real mea- 
surements of flight hardware, but close enough for the scientific 

12 http://www.rssd.esa.int/index.php?project=GAIA&page=Science_ 
Performance 



Table 10. Observation probability in percent as function of the 
apparent magnitude G. 



G m in 


G max 


AF (%) 


BP/RP (%) 


6 


16 


100 


100 


16 


17 


98.7 


98.7 


17 


18 


98.2 


97.3 


18 


19 


98.1 


98.1 


19 


19.9 


96.5 


92.5 


19.9 


20 


95.1 


92.5 



exploitation preparation. The results of this paper will not be 
severely affected since no drastic changes are expected. 

Gaia magnitudes and colours have been computed for all 
spectral energy distributions in the BaSeL3.1 stellar library and 
for four reddening values. In addition, colours in the most com- 
monly used photometric systems (Johnson-Cousins, Hipparcos- 
Tycho, and SDSS) have also been derived. All the computed 
colours are provided in an online table. Based on this table, 
colour-colour transformations have been calculated. Gbp-Grp 
colour correlates very well with V - Ic and a bit less well with 
g—Z. Therefore, Gbp-Grp is a raw indicator of effective tempera- 
ture, especially for T e g > 4500 K (i.e. Gbp-Grp< 1.5), yielding 
residuals of about 5% in temperature. 

Relationships involving V - Ic colour are the ones with the 
lowest residuals among Johnson-Cousins colours and are of the 
order of 0.03 - 0.08 mag depending on the colour-colour pair 
considered. For the SDSS system, g — z colour is the one provid- 
ing tighter transformations with residuals in the range 0.02-0. 14 
mag. For the Hipparcos-Tycho photometric system, the residuals 
are between 0.02 and 0. 12 mag. The use of two colours decreases 
the residuals of the transformations, as can be seen in Table [7] 
Independently of the choice of the passbands, scattering exists 
due to metallicities and gravities, especially for < 4500 K. 
The level of the scattering varies among the transformations. 

Relationships to predict the Grvs magnitude have been de- 
rived and permit one to know the conditions in which a given 
star can be observed by the high-resolution radial velocity spec- 
trometer. 

The choice of the spectral library is not critical in this work, 
although other libraries could provide slightly different relation- 
ships. Either the relationships or the online table allow the pre- 
diction of Gaia magnitudes and colours from knowledge of T^g, 
gravity, and metallicity, or from existing photometry. The online 
table even allows users to compute their own relationships based 
on their needs (specific objects, colours, reddening,...). We re- 
mind users that the computed polynomials are only valid in the 
range of BaSeL3.1 astrophysical-parameters space, and no ex- 
trapolation is recommended. 

Bolometric corrections have been computed in Gaia's pass- 
bands and are also provided in an online table, which allows 
the correspondence between absolute Gaia magnitudes and lu- 
minosity. In addition, the passbands are included in the Padova 
and BASTI isochrones web sites, allowing the computation of 
any track and isochrone in the Gaia colour-magnitude diagram, 
an essential tool for the derivation of ages or the analysis of clus- 
ters. The paper presents some examples of the Padova isochrones 
in G, Gbp, and Grp for solar metallicity and for different ages. 

Absorption and colour excess in Gaia passbands have been 
computed as well as the ratios with respect to Ay, Ah p and sev- 
eral colour excesses have been provided for the whole spectral 
energy distributions in BaSeL3.1 and for three absorption val- 
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G 



Fig. 19. Estimated precisions for one transit on the focal plane and for G, Gbp, and Grp with respect to the G magnitude. The shape 
for bright stars is due to the decrease of the exposure time to avoid saturation of the pixels. 



ues. A polynomial fitting of Ac I Ay ratio is provided for the three 
absorption values considered. 

Finally, we have provided the photometric performances by 
computing the estimated errors on the G, Gbp, and Grp magni- 
tudes for one observation. End-of-mission precision can be de- 
rived knowing the number of observations, which depends on 
the celestial coordinates due to the scanning law of the satellite. 

Therefore, the paper provides the ingredients and tools to 
predict in an easy manner the Gaia magnitudes and associated 
precisions for all kind of stars, either from theoretical stellar pa- 
rameters or from existing photometry, plus interstellar absorp- 
tions and isochrones. All can be combined and used to predict 
how the Gaia sky will look, in which conditions a known object 
will be observed, etc. Besides the G, Gbp, Grp and Grvs photom- 
etry discussed here, low-resolution BP and RP spectra will be 
available. We wish to emphasize that BP and RP spectra are the 
best suited elements to derive astrophysical parameters of the ob- 
served objects because they have been designed for exactly this 
goal. However, a lot of research can be done with only a colour- 
magnitude diagram, and this is what pushed us to perform the 
present work. Furthermore, for very faint objects or in the early 
releases of the mission (when few observations are available per 
object), broadband photometry may be the only available prod- 
uct. The present work can be used also to plan ground-based 
complementary observations and to build catalogues with auxil- 
iary data for the Gaia data processing and validation. 
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